Background and Aims The detailed relationships in Geraniales in their current circumscription have only recently been clarified. The disparate floral morphologies and especially the nectaries of the corresponding group have consequently not previously been studied in a phylogenetic context.
INTRODUCTION
Geraniales are currently classified in the Malvids clade (The Angiosperm Phylogeny Group, 2016) as sister to Myrtales (The Angiosperm Phylogeny Group, 2009 ). This sister group relationship was recently supported by Berger et al. (2016) . Several of the taxa now firmly placed in Geraniales were once considered as belonging to widely different lineages, mostly because their systematics were largely based on similar flower and fruit morphology. The highly diverse morphologies present in genera such as Pelargonium and Francoa are so striking that an understanding of homologies of floral parts remains difficult.
A comprehensive comparison of the floral morphology of the genera of Geraniales has not yet been provided, and previous studies usually concentrated on one particular family or a comparison between individual genera (e.g. Lefor, 1975; Kumar, 1976; Ronse De Craene and Smets, 1999; Aldasoro et al., 2001; . This is possibly due to repeated changes in the classification (Engler, 1898; Cronquist, 1981; Takhtajan, 1997) of the taxa nowadays considered as belonging to the Geraniales (Kubitzki, 2007; Palazzesi et al., 2012) , and by the fact that some of the southern hemisphere genera are rare even in nature, difficult to obtain, and therefore largely unknown in cultivation and not available for scientific investigations. From today's perspective it is obvious that comparisons between families of Geraniales and families erroneously considered as close allies in the past (e.g. Ehrendorfer, 1983) , such as Linaceae, Tropaeolaceae or Oxalidaceae due to superficial similarities (e.g. placentation, obdiplostemony; Link, 1989) , obscured our insights into the morphology and evolution of flowers. The circumscription and phylogeny of Geraniales are now clearly established, but there are differing matters of opinion with regard to the circumscription of individual families [e.g. Melianthaceae, Linder (2007) ; Francoaceae, Palazzesi et al. (2012) ; and Geraniaceae, Albers and van der Walt (2007) ].
In this study we follow the classification of Palazzesi et al. (2012) , who proposed a sub-division of the Geraniales into five families comprising 12 genera (Table 1 ). The classification in APG IV (The Angiosperm Phylogeny Group, 2016) argues for recognizing only two families in Geraniales, but in our interpretation the recognition of only Francoaceae (including Melianthaceae and Vivianiaceae) and Geraniaceae (including Hypseocharitaceae) inadequately reflects the morphological diversity and the degree of phylogenetic diversification of the order.
Though present on all continents except Antarctica, the main diversity of Geraniales families is on the southern hemisphere, mostly South America and southern Africa, and all but one of them are restricted to it. Only Geraniaceae are extending well into the northern hemisphere, Geranium and Erodium being highly speciose in north temperate and Mediterranean regions.
The need to reassess the morphology of rearranged and newly formed higher level taxonomic groups (e.g. orders) based on molecular phylogenies has been suggested recently (Endress and Matthews, 2012) . It would help to understand underlying processes of morphological evolution. Geraniales flower morphology is very diverse ( Fig. 1 ; Albers and van der Walt, 2007; Linder, 2007; Weigend, 2007) . The morphology of the perianth is well understood, but is reinvestigated in this study for the sake of comparison. Gynoecium morphology is relatively conserved, although the fruit morphology is very diverse among its members, from capsular to dry stony mericarps (Albers and van der Walt, 2007; Linder, 2007; Weigend, 2007; Palazzesi et al., 2012) . The most challenging questions regarding homologies in the Geraniales concern the androecium and the evolution of the nectaries apparently spatially associated with it in most genera.
The overall variation in number and shape of the nectary glands of the Geraniaceae is moderate, despite multiplication in the androecium in Monsonia and minor differences in nectary shape in Geranium (Link, 1989) . Usually the nectaries are distinct formations outside the androecium. For instance, the nectaries of the strongly zygomorphic Melianthus flowers are cup-shaped, in some species presenting a beak or 'flap of tissue' on the adaxial side of the nectary gland . The interstaminal appendices of Greyia nectaries have been controversially discussed and interpreted as staminodia (summarized in Ronse De Craene and Smets, 1999) . On the other hand, it seems hard to accept a staminodial origin for the single nectary gland of Pelargonium hidden deep within a spur-like cavity of the receptacle. This leads to speculations on the homology of all nectaries present in Geraniales; in that case, the Geraniales would be one of the few orders of angiosperms in which floral nectaries would have different origins (E. Smets, pers. comm.) .
The aim of this study is to compare the overall flower morphology found in the Geraniales to improve our understanding of patterns and homologies in floral characters.
MATERIALS AND METHODS
Flowers and flower buds were fixed in formaldehyde-acetic acid-ethanol (FAA). Examined species and voucher information are given in Table 2 . Overall, 21 species, representing 12 of the 13 genera and five of the five families, were studied. Only material of Bersama (Melianthaceae) was not available for study. For light microscopy, fixed material was dehydrated using slow dehydration mediated by butanol, embedded in Paraplast V R and sectioned with a rotary microtome 1515 (Leitz, Wetzlar, Germany) (at 10 or 12 lm), stained with Astrablue/ Safranin and documented with a Leitz Diaplan and Olympus CX 41 (Hamburg, Germany) microscope equipped with a Leica DC 300 camera (V 2.0, Wetzlar, Germany). For scanning electron microscopy (SEM), the FAA-fixed specimens were dehydrated using formaldehyde diethyl acetal (FDA) fast dehydration with acetone (modified after Gerstberger and Leins, 1978) . After dehydration, the specimens were criticalpoint dried (CPD 020, Balzers, Liechtenstein) using CO 2 . Dried specimens were mounted with conductive carbon cement (PLANO GmbH, Wetzlar, Germany) on glass slides glued to aluminium stubs or directly to aluminium stubs using doublesided adhesive tape. Specimens were sputter-coated using an SCD 040 Sputter-Coater (Balzers, Liechtenstein). Specimens were observed in a Stereoscan 200 (Cambridge, UK), LEO 1450 or LEO 450 (Zeiss, Oberkochen, Germany) scanning electron microscope at 4-20 kV.
RESULTS

General floral structure
The general flower appearance of 11 genera is shown in Fig. 1 . Figure 2 provides the corresponding floral diagrams plus those of Bersama sp. and Monsonia emarginata. Flowers differ mainly in the merosity of organ whorls, whereas geometrical relationships are largely conserved, and fusion of parts plays a minor role. Generally, the androecium is obdiplostemonous and the gynoecium is syncarpous with axile placentation. The term 'obdiplostemony' is used here to describe the position of the anthers (and filaments) in mature flowers. The position of organs In Monsonia, the antepetalous whorl consists of ten stamens (Fig. 2) . Each filament of the antesepalous stamen is connate up to half of its length with the neighbouring filament of the antepetalous stamens. In Pelargonium, the antesepalous stamens and the two adaxial, antepetalous stamens are developed (with anthers). In Geranium, the ten stamens bear fertile anthers. In Erodium, only the antesepalous stamens bear anthers, while all five antepetalous stamens are sterile (anthers never develop). The style terminates in five stigmatic branches corresponding to the carpels. There are five prominent nectary glands on the dorsal bases of the antesepalous stamens, or only a single adaxial gland. In Pelargonium, the nectary gland is usually hidden deep within a cavity between the base of the adaxial sepal and the adaxial antesepalous stamen. Melianthaceae (two genera, 16 species; Linder, 2007) . Flowers are tetracyclic and show a mixture of penta-and tetramerous whorls (Figs 1E and 2). The flowers are strongly zygomorphic and resupinate (Fig. 1E ). The calyx is pentamerous. There are five petals in Bersama (Ronse De Craene et al., 2001) and, by loss of the abaxial petal, four in Melianthus (Fig. 2) . The androecium and gynoecium are tetramerous. The adaxial stamen is reduced and the filaments of the remaining latero-adaxial stamens are united for half their length. The nectary is a single, prominent gland on the adaxial side of the united filaments.
Francoaceae (three genera, five species; Linder, 2007) . Flowers of Greyia (Figs 1F and 2) are resupinate and slightly zygomorphic due to size differences in the calyx. Francoa has actinomorphic flowers (Figs 1G and 2) , and Tetilla is strongly zygomorphic in its perianth (Figs 1H and 2) .
Flowers are pentacyclic and tetra-or pentamerous (Figs 1F-H and 2). Sepals are free or united at their bases, or partially united for half of their length. Petals are free and even sized (Fig. 1F , G) or show a clear size difference (Fig. 1H) . The gynoecium is tetra-or pentamerous and is either terminated by a long style with a five-lobed stigma or the lobed stigma is subsessile and the base is overtopped by the carpels apices. The stigmatic lobes are commissural. In the pentamerous Greyia, the nectary is formed by a massive disc forming an elevated ring around the androecium, crowned by ten interstaminal appendices. In the tetramerous Francoa and Tetilla, the nectary is formed by eight interstaminal glands.
Vivianiaceae (three genera, 18 species; Weigend, 2007) . Flowers are actinomorphic, penta-or tetracyclic and pentamerous (Figs. 1I-L and 2). The sepals are free or united up to three-quarters of their length. The petals are large and showy, small and approximately as long as the sepals, divided into a plate and claw, or absent (Rhynchotheca; Figs 1J and 2). Filaments are either long with versatile anthers (Fig. 1J) , or short and rigid with strongly fixed anthers (Fig. 1K, L) , or intermediate between both types. The gynoecium is tri-or pentamerous. Three or five stigmatic lobes arise directly from the ovary (Fig. 1J) .
Viviania has five antesepalous glands with interstaminal appendices. Nectaries are absent in Balbisia and Rhynchotheca (see, for example, Balbisia, Fig. 3L ).
Nectary morphology
Nectaries are present across the order, apart from the anemophilous Rhynchotheca and Balbisia (Vivianiaceae, Fig. 3L ).
Nectar is always secreted through nectarostomata (open nectary-modified stomata).
Hypseocharitaceae. There are five prominent glands on the filament base of the antesepalous stamens. The glands are rectangular and partially hidden below the stamen triplets (Fig. 3A) . The fields with nectarostomata shallowly sunken into the epidermis are located on the gland bases, near the cleft between gland and receptacle.
Geraniaceae. Monsonia (Fig. 3B) , Geranium (Fig. 3D) and Erodium (Fig. 3E) share five glands on the filament base of the antesepalous stamens. In Pelargonium (Fig. 3C) , one single gland is hidden at various depths within a spur-like cavity reaching into the pedicel. The glands in the first mentioned genera show a variety of shapes, ranging from prominent, rectangular in Geranium (Fig. 3D ) to almost elliptical in Erodium (Fig.  3E) , and small, two-lobed in Monsonia (Fig. 3B) . A depression at the insertion point of the antesepalous stamen is also visible in Geranium. In Pelargonium, the gland is fused with the wall of the cavity. Towards the centre it forms a distinct conical protrusion (Fig. 3C, arrow) . This protrusion is densely covered with nectarostomata. In Monsonia, nectarostomata are found only on the central part of the gland (i.e. between the lobes, Fig. 3B, arrow) . In Erodium they cover the whole gland, but are immersed in the secretory tissue (Fig. 3E) , and in Geranium they are elevated (Fig. 3D ) and mainly located on the lower dorsal part of the gland and on the lateral protrusions.
Melianthaceae. The large and prominent gland is found in a medial-adaxial position. In Melianthus it is formed by an adaxial emarginated tissue flap (Fig. 3F ) covered with nectarostomata. The gland is located in a sac-to spur-like protrusion of the receptacle ('mentum'; Linder et al., 2006; Fig. 1E) . Lateral outgrowths of the gland form a horseshoe-or cup-shaped nectary, which in some species (e.g. M. major and M. comosus) includes a rectangular protrusion from the abaxial side of the flower. The gland in Melianthus is surrounded by the two basally adnate adaxial filaments on the abaxial side and all four petals and the lateral sepals on the adaxial side. This complex is then enclosed by the abaxial and adaxial sepals.
Francoaceae. Two types of nectaries are present in the Francoaceae: Greyia has an extrastaminal ring nectary (Fig.  3G, H) with parts of the ring forming interstaminal appendices. Each nectary appendix has a thinner proximal portion and terminates in either plate-like (G. radlkoferi and G. sutherlandii, Fig. 3G ) or deeply divided terminal structures (G. flanaganii, Fig. 3H ). The nectaries of Francoa and Tetilla consist of eight conical (Francoa; Fig. 3I ) or apically broadened (Tetilla; Figs  1H and 3J ) interstaminal glands. An extrastaminal portion of the glands is absent. In pre-anthetic flowers of all three genera, the appendices and glands are closely associated with the antesepalous stamen whorl. The nectarostomata are limited to the apical part of the appendices (Greyia) or glands (Francoa, Tetilla). In Francoa, nectarostomata are distributed around the tip of the glands, and in Tetilla they are present on the apical, flat part of the dilated tip of the glands.
Vivianiaceae. Of the three genera of the Vivianiaceae, only Viviania bears nectaries (Fig. 3K) . The five nectary glands of Viviania are each divided into an extrastaminal part at the outer base of the antesepalous stamens and two interstaminal appendices. The appendices enclose the base of its stamen. The glands are densely covered with simple and bifurcate trichomes (Fig. 3K) . Stomata are mainly present on the interstaminal appendices, but deeply immersed in epidermal cavities. In V. elegans, the lateral part of the extrastaminal gland part is deeply grooved.
Nectary anatomy
Common to all species studied is the mesenchymatous (¼ mesophyllary) character of the nectary gland (Vogel, 1998) . Longitudinal and cross-sections through the nectaries reveal the sub-epidermal nature of the secretory tissue (Fig. 4) . The nectary glands are usually composed of a mixture of different tissues. The small-celled and very dense secretory tissue is located under a slightly modified or unmodified epidermis. In many species, the secretory tissue also contains regularly shaped cells with a greater lumen than the glandular cells. Nectar is secreted through nectarostomata the localization of which on the nectary is described above. In some groups, a clear connection between the main vasculature of the flower is present (Fig. 4A-G) , while in other groups such a connection has so far not been observed (Fig. 4H-L) . The results of the anatomical study are summarized in Table 3 .
DISCUSSION
General floral morphology
The anthetic flowers share an overall similar perianth structure, as seen in Fig. 2 . Major differences concern the merosity of individual whorls and the detailed morphology of the petals, but there is a clear basic pattern in the floral architecture of all Geraniales: the perianth is usually free and divided into calyx and corolla. It is generally pentamerous with a few tetramerous species, some of them occasionally reverting to pentamerous flowers (e.g. Francoa; Ronse De Craene and Smets, 1999) . The androecium is basically dicyclic and obdiplostemonous, with some reductions in individual -especially zygomorphicclades. A main reason for the divergent previous classifications of former families of the Geraniales is their superficially divergent floral morphology as regards to petal shape, and the presence of zygomorphic vs. actinomorphic flowers. It is clear that apparent similarities, e.g. between the flowers of the Geraniaceae and Oxalidaceae (Cronquist, 1981) , or between Francoa/Tetilla and Saxifragaceae (Engler, 1930) , misled systematists in the past. The obdiplostemony of many Geraniales taxa has been extensively discussed elsewhere (e.g. Eckert, 1966; Ronse De Craene and Smets, 1999; Klenter and Albers, 2004; Endress, 2010) , with two main conclusions: the stamen primordia in flowers with dicyclic androecia (1) arise in a centripetal series and (2) are primarily diplostemonous (Eckert, 1966; Wetzstein and Armitage, 1983; Steyn et al., 1987; Ronse De Craene and Smets, 1995; Ronse De Craene and Smets, 1999; Loehrlein and Craig, 2000; Endress, 2010) . In some species they may arise subsimultaneously (e.g. Eckert, 1966; Wetzstein and Armitage, 1983; Loehrlein and Craig, 2000) . Deviating developmental trajectories (e.g. centrifugal insertion of stamen primordia) proposed by other authors (Frank, 1874; Schumann, 1889) have been clearly refuted.
Common patterns in divergent floral nectaries
Morphologically, the nectaries of Geraniales species are highly divergent: they include regularly arranged, simpleshaped nectar glands, single, elevated, flap or beak-shaped protrusions, single, deeply immersed nectar cavities (spur-like) and complete, highly differentiated, extra-androecial ring nectaries with elaborate appendages. The basic divergent features are: (1) the number of the nectary glands; (2) the position of the nectary glands relative to the other floral organs; (3) the shape and extension of the nectary glands; and (4) the connection with the main vascular system of the flower. Overall, there is an obvious correlation between (1) the number, position and shape of the nectary on the one hand, and (2) the merosity, symmetry and shape of the perianth and androecium (Figs 2 and 5) on the other. In general, it can be stated that the high degree of diversification obscures the common features.
Disregarding the individual differences, the diagrams and SEM micrographs (Figs 2-5) show that the nectaries are spatially associated with the antesepalous stamens and situated close to the filament bases, either dorsally or laterally. In spite of the spatial closeness, they never show a direct connection to the filaments themselves, but rather arise independently from the receptacle. One apparent exception to the association of the nectaries with the antesepalous filaments is found in the tetrandrous Melianthaceae, where the adaxial nectary is situated in the position where the corresponding stamen has been lost , thus not contradicting the general spatial pattern. Irrespective of the exact shape of the nectaries, the nectarostomata are restricted either to distinct glands or to distinct distal portions of the elevated nectariferous structures/appendages in taxa such as Greyia and Melianthus, underscoring that even the apparent 'ring nectary' in Greyia goes back to separate secretory structures or nectar glands.
The anatomical observations summarized above (see also Fig. 4) (Khushalani, 1963; has been used to argue for a staminodial origin of their nectaries, but may either correspond to the vascular trace of the lost adaxial stamen or be homologous to the nectary traces in the Geraniaceae and Hypseocharis.
So-called 'non-vascularized' nectaries are present in the Francoaceae and in Viviania, although 'non-vascularized' is technically not correct: strands of elongated cells described as 'phloem traces' (Ronse De Craene et al., 1999) are present in these glandular tissues. Due to the delicate structure of the phloem strands, their connection to the principal vascular traces has not been clarified so far.
Finally, in cases where the glands are not developed equally, the adaxial gland is the most strongly developed (Erodium), or even the only one (Pelargonium and Melianthus).
The derivations from this basic pattern are clade specific, with a trend towards nectaries sunken into the receptacle in Geraniaceae and the extreme case of Pelargonium vs. elevated appendages in the other lineages, culminating in a coherent, appendaged ring in Greyia. Indeed, the basic pattern is obscured in Francoaceae and Vivianiaceae. In Francoaceae, each nectary gland is elevated on a coherent extrastaminal ring, with highly modified nectariferous appendages in Greyia. These appendages are present as independent appendages arising (apparently) freely from the receptacle and are inserted virtually between the antesepalous filaments in Francoa and Tetilla. However, in early ontogeny, they are clearly associated with the antesepalous filament bases (Figs 3G, H and 4J; and, in Ronse De Craene and Smets, 1999, figs. 5D, G, 7D, E and 10I) .
In Viviania, the nectariferous appendages are directly associated with the antesepalous filament bases and conform more or less to the general pattern. However, in the other two genera of Vivianiaceae -Balbisia and Rhynchotheca -nectaries are completely absent.
Four main theories have been proposed regarding the origin of nectaries in Geraniales (sensu Ehrendorfer, 1983 , but not Palazzesi et al., 2012 : (1) sepaloid; (2) as filament modification; (3) staminodial; and (4) receptacular.
1. Braun (1851) interpreted the glands as parts of the sepals.
Nectar secretion associated with the adaxial sepal has long been assumed for Pelargonium (Eichler, 1878; Knuth, 1912) . Although a distinct gland was described later on (Japp, 1909; Labbé, 1964) , hardly any similarities between the nectaries of Pelargonium and the rest of the Geraniaceae were identified (Kumar, 1976; Devi, 1991) . Link (1989) proposed a first idea of derivation of the nectaries of the Geraniaceae in the classical sense from each other. His idea was accepted and elaborated, and a first morphological progression of the nectaries within the Geraniaceae was proposed (Vogel, 1998) . 2. Another common interpretation of the nectary glands in the Geraniaceae (excluding Pelargonium) and especially Viviania is that of scales or basal glands ('Basaldrüsen') on the antesepalous filaments (Klotzsch, 1836; Eichler, 1878; Knuth, 1912; Weigend, 2007) . Linking the glands with the filaments of the antesepalous stamens is based solely on topological considerations, and neglects the information provided by anatomical analyses of the vascularization of the glands. 3. The staminodial origin of the nectary glands is also favoured by several authors (e.g. Hallier, 1921; Bensel and Palser, 1975; Lefor, 1975; Kumar, 1976; Cronquist, 1981; Steyn et al., 1987; Link, 1989 Link, , 1990 Morgan and Soltis, 1993) . One predominant line of argumentation is based on the obdiplostemony in the Geraniales. There are two common interpretations of the glands in this context. The first is the centripetal reduction series of a tricyclic androecium ('progressive zentripetale Reduktionstendenz', Link, 1989, p. 63) . In most Geranium species, the inner (i.e. antesepalous) whorl of stamens is promoted in growth, while the antepetalous whorl of stamens is shorter. In Geranium pusillum and all Erodium species, the antepetalous whorl is replaced by filament-like staminodes. According to this line of argument, the glands represent the next step of the reduction series. Lefor (1975) interprets each part of the glands of Viviania (i.e. the basal part and the interstaminal appendices) as individual staminodes. He thus implies an ancestor with a pentacyclic androecium. The second interpretation of the morphological evolution of the Geraniales in relation to obdiplostemony is based on the supposedly centrifugal development of the androecium in some Geranium species (Braun, 1851; Frank, 1874) . These observations later have been shown to be erroneous (Eckert, 1966; Ronse De Craene and Smets, 1999; Endress, 2010) . Most of these observations were based on putative homologies of closely related Geraniaceae, Linaceae and Oxalidaceae, and exclude the Melianthaceae, Francoaceae and Greyiaceae. In the latter three families, shape and the localization of the secretory stomata on glandular appendices in particular were used as arguments for a staminodial origin. The protruding nectariferous tissue in Melianthus and Bersama was interpreted as a remnant of the fifth, adaxial stamen. These elevated structures are nowadays interpreted as independent adaptations in the context of nectar presentation .
The development of the nectaries shows a similar pattern for all genera where ontogenetic studies are available (Wetzstein and Armitage, 1983; Steyn et al., 1987; Ronse De Craene and Smets, 1999; Loehrlein and Craig, 2000; : the glands develop ontogenetically late, distinctly after initiation of androecium and gynoecium (e.g., Greyia: '. . . at anther formation ', Ronse De Craene and Smets, 1999, p. 381) . The glands grow successively with ongoing flower development. This late development may have led to the misinterpretation as expression of the (erroneously assumed) centrifugal development of the androecium. The vascularization of the glands has also been erroneously used as an argument for a staminodial origin. The underlying descriptions of vascularization in the species with vascularized glands range from accurate (e.g. Khushalani, 1963; Narayana and Devi, 1995; Ronse De Craene and Smets, 1999; to completely misleading (e.g. Vivianiaceae; Lefor, 1975) . As discussed above, we found no evidence in the vasculature for a direct connection of Denotes Bersama where characters are taken from the literature (Verdcourt, 1950; .
the nectaries to the stamens, and where we did find traces they tended to be inserted between the levels of the sepal and petal traces, unsuitable for arguing for a staminodial origin. In Geraniaceae and Melianthaceae, the insertion of the traces even shifts from the independent insertion (as present in Hypseocharis) to an insertion from the sepal midrib traces. 4. The receptacular origin of the glands is favoured by the majority of authors (Payer, 1857; Eichler, 1878; Gürke, 1895; Engler, 1930; Verdcourt, 1950; Khushalani, 1963; Kumar, 1976; Steyn et al., 1987; Narayana and Devi, 1995; Slanis and Grau, 2001; Endress, 2010; Ronse De Craene, 2010; Erbar, 2014) . The late development of the glands as described above is one important argument. Also, the observation of the centripetal development of the androecium fits into this line of argument. The occasional formation of a fifth stamen in Bersama (Verdcourt, 1950; shows the independence of its nectary from the stamen initiation. Based on the phylogenetic data now available, vascularization displays a clear pattern of reduction. An independent trace emerging between the sepal and petal traces is present in Hypseocharis. These traces become successively associated with the sepal midrib traces within the Geraniaceae. The single existing nectary trace is reduced in a similar way in Melianthus. The 'odd trace' can be seen as a rudiment of these traces. In our opinion, a receptacular origin of the glands associated with the antesepalous stamens appears to be most parsimonious in the phylogenetical context proposed by Palazzesi et al. (2012) . Overall, vasculature and ontogeny clearly indicate that the nectary glands in Geraniales are receptacular, thus extra-androecial and spatially associated with the antesepalous stamens. These findings concur with the idea formulated by Smets (1986 Smets ( , 1988 and Smets and Cresens (1988) on a receptacular origin of the nectaries in the Rosids in contrast to a gynoecial origin of the nectaries in the Asterids.
Conclusion
Floral morphology of the Geraniales shows a high degree of similarity, despite the variation in overall floral appearance. Obdiplostemony and a low degree of adnation of floral organs are common to most genera. Complexity and synorganization are realized by changes in organ shape rather than by adnation. Major changes in floral morphology can be demonstrated to have been derived from the common bauplan of the order. This is especially true for the nectaries.
Based on the overview and discussion provided above, we present a hypothesis on the transformation of the nectaries in the Geraniales in both a diagrammatic way (Fig. 5 ) and plotted onto a phylogenetic tree with a topology based on Palazzesi et al. (2012) (Fig. 6) . The character states of the nectaries in the apparent sister group (Myrtales; The Angiosperm Phylogeny Group, 2009 Group, , 2016 Berger et al., 2016) are not taken into account as features as vascularization are still poorly known.
There are four major groups of nectaries ( Fig. 5I-IV) , either with an observed connection to the major vasculature of the flower (Fig. 5, grey boxes, I and II) or without such an observable connection (Fig. 5 , white boxes, III and IV). The first group (Fig. 5I) are the antesepalous nectaries with a clear connection to the main stele of the flower as present in Hypseocharitaceae and Geraniaceae. Having actinomorphic and pentamerous flowers, Hypseocharis and Geranium show what we believe to be the ancestral character states (Fig. 5A ). Due to a more pronounced development of the adaxial side of the flower (Fig. 5i, arrow) , probably related to shifts and increasing specialization in pollination, a slightly zygomorphic type, as present in several Erodium species, is derived (Fig.  5B) . The strongly zygomorphic type with only one sunken adaxial nectary gland (Fig. 5C ) of Pelargonium may be thought to be derived either through a loss of four glands (Fig. 5ii, arrow) from the Geranium-Hypseocharis type (Fig. 5A) or -less probably -via a gradual reduction from the Erodium type (Fig. 5iii,  arrow, B) .
The second group of nectaries ( Fig. 5II ) is restricted to the Melianthaceae, showing strongly vascularized and essentially adaxially centred nectaries in haplostemonous, and strongly zygomorphic and resupinate flowers. The type as found in Bersama (Fig. 5D ) may be seen as derived from the GeraniumHypseocharis type (Fig. 5A ) via cyclization and promotion of the adaxial side of the five nectary glands (Fig. 5iv, arrow) , which contradicts the interpretation of Ronse de . The nectary of Bersama shows a high degree of variability (the extremes are shown in the centre of Fig. 5D , dark grey; and in Verdcourt, 1950, fig. 1 ) and may be seen as intermediate between an extrastaminal nectary ring and the single large adaxial nectary of Melianthus (Fig. 5v, arrow, E) . Its function as a container for the copious nectar is reached after a 180 resupination.
In Francoaceae and Viviania, no connection was observed between the main stele of the flower and the phloem tissue of the glands. Considering the Geranium-Hypseocharis type as ancestral, the connection may have been secondarily lost (Fig.  5III, vi, arrow) . However, it could also be the other way round. Additionally, the bases of the antesepalous filaments are enclosed by two interstaminal appendices emerging from the proximal portions of the glands (Fig. 5F ). Through fusion to an extrastaminal ring and broadening of the interstaminal appendices (Fig. 5vii, arrow) the nectary of Greyia (Fig. 5G ) may be derived. Fragmentation of the extrastaminal ring (Fig. 5viii , arrow) leads to the interstaminal nectary type as present in Francoa and Tetilla (Fig. 5H) .
The complete loss of nectaries (Fig. 5IV , ix, arrow) in Rhynchotheca and Balbisia is explained by Weigend (2005) as the result of a transition in floral function. He argues that Rhynchotheca is wind-pollinated with a concomitant reduction of the perianth (corolla absent, Figs 1J and 2) , while Balbisia is pollinated by pollen-collecting bees, documented from field research. These two genera are thus the only nectarless taxa in an order of otherwise exclusively nectar flowers. Morphological monophyly of the Rhynchotheca-Balbisia group is extremely plausible, but molecular support for this clade is currently weak (Palazzesi et al., 2012) .
The present hypothesis shows how -based on an improved phylogenetic understanding and critical morphological studies -even apparently highly disparate character states can be assigned to a plausible morphological transformation series. This is of particular interest in a plant group such as Geraniales, where the constituent members nowadays recognized as monophyletic have a checkered classification history.
